The jet quenching phenomenon in heavy ion collisions provides a strong evidence of the modification of parton shower in the quark-gluon plasma (QGP). Jet substructure observables can probe various aspects of the jet formation mechanism. They contain useful information about the QGP and allow us to study the medium properties in great details. Here we present theoretical calculations of jet shapes and cross sections in proton-proton and lead-lead collisions at the LHC using soft-collinear effective theory, with Glauber gluon interactions in the medium. We find that resumming large logarithms in the jet substructure calculation is necessary for precise theoretical predictions. The resummation is performed using renormalization group evolution between characteristic jet scales. We also find that the medium induces power corrections to jet shapes. In the end we present the comparison between our calculations with the recent measurements at the LHC with very good agreement. Our calculations help initiate precise jet modification studies in heavy ion collisions.
Introduction
The strong suppression of hadron and jet production cross sections in heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) has long been observed which establishes the phenomenon of jet quenching and the creation of the quarkgluon plasma (QGP). Although the suppression of cross sections could be described quite well by several models exploiting the parton energy loss picture, it has been clear that more differential and correlated measurements are needed in order to distinguish various jet formation mechanisms.
Jet substructure observables can resolve jets at different energy scales. They are more sensitive to the final-state, jet-medium interaction which allows us to separate the initial-state effects that can directly affect the production cross sections. The interference between jets and the medium makes jet physics in heavy ion collisions an even more complicated multi-scale problem. To this end, effective field theory techniques are extremely useful in separating physics at multiple characteristic scales. In this talk I will present the precise calculation of the jet shape [1] in both proton-proton [2] and lead-lead [3] collisions using soft-collinear effective theory (SCET) [4] [5] [6] [7] [8] [9] , with Glauber gluon interactions in the medium [10, 11] . The same framework has also been successfully applied in the calculation of jet fragmentation functions [12] .
The factorization theorem of the jet shape in SCET
The jet shape [1] probes the transverse energy distribution inside a reconstructed jet with radius R. It is defined as the fraction of the transverse energy E T of the jet within a subcone of size r,
This quantity is averaged over all jets and the derivative ρ(r) describes how the transverse energy is differentially distributed in r.
The infrared structure of QCD induces Sudakov logarithms of the form α n s log m r/R (m ≤ 2n) in the perturbative calculation of the jet shape. The fixed order calculation breaks down at small r and the large logarithms need to be resummed. Effective field theory techniques are useful whenever there is clear scale separation. SCET separates the physical degrees of freedom in QCD by a systematic expansion in power counting. In events with the production of energetic and collimated jets, the power counting parameter is small and the leading-power contribution in SCET is a very good approximation of the full QCD result. We first match SCET to QCD at the hard scale by integrating out the contributions from the hard modes. We then integrate out the off-shell modes which gives collinear Wilson lines describing the collinear radiation. The soft sector is described by soft Wilson lines along the jet directions. SCET factorizes a complicated, multi-scale problem into multiple simpler, single-scale problem 1 , which allows us to calculate the contribution to the physical cross section from each sector separately.
The factorization theorem for the differential cross section of the production of N jets with transverse momenta p T i and rapidity y i , the energy E r inside the cone of size r in one jet, and an energy cutoff Λ outside all the jets is the following,
is the hard function describing the hard scattering process at high energy. J ω (E r , µ) is the jet function which is the probability of having the energy E r inside a subcone of size r in the jet with energy ω = 2E J . All the other jet functions J ω (µ) are unmeasured jet functions [13] without measuring the substructure of the jet. S 1,2,...N (Λ, µ) is the soft function and it describes how soft radiation is constrained in measurements. The factorization theorem simplifies dramatically and has a product form. The averaged energy inside the cone of size r in jet 1 is the following,
, (2.4) and J ω E,r (µ) = dE r E r J ω (E r , µ) is referred to as the jet energy function. Note the huge cancelation between the hard, unmeasured jet and soft functions. This implies that the jet shape is insensitive to the underlying hard scattering process as well as the other part of the event. The integral jet shape is weighted with the jet production cross sections with proper phase space cuts on p T and y, in the resummed expressions. The shape difference for jets reconstructed using the anti-k T and the cone algorithms is significant. In the region r ≈ R, higher fixed-order calculations and power corrections become more prominent.
Multiple scattering and SCET with Glauber gluons
Coherent multiple scattering and the induced bremsstrahlung are the qualitatively new features of the in-medium parton shower evolution. The Debye screening scale µ sets the range of interaction, and the parton mean free path λ determines the significance of multiple scattering in the medium. The radiation formation time τ sets the scale where the jet and the medium can be resolved. Parton splitting and induced bremsstrahlung interfere in the jet formation, and the interplay among these characteristic scales can result in different interference patterns.
We identify the Glauber gluon as the relevant mode describing the momentum transfer transverse to the jet direction between the jet and the medium, and the extended effective theory is dubbed SCET G [10, 11] . The Glauber gluons are generated from the color charges in the medium. Given a medium model, we can consistently couple the medium to jets using SCET G . From thermal field theory and lattice QCD calculations, an ensemble of quasi particles with Debye screened potential and thermal masses is a reasonably valid parameterization of the medium properties. We adopt this medium model with the Bjorken-expanded hydrodynamic evolution [18] .
The large angle bremsstrahlung takes away energy, resulting in the jet energy loss and the modification of the jet shape. The key ingredients which enter the calculations of the medium modification of the jet shape are the medium-induced splitting functions [19, 20] . The jet shape can be calculated using the collinear parton splitting functions. At leading order,
The jet shape in heavy ion collisions gets modified through the modification of jet energy functions, Here J med E,r (r) contributes as a power correction without large logarithms. There is no extra softcollinear divergence and the RG evolution of the jet energy function is the same as in vacuum. The jet shape is then averaged with the jet cross section which is significantly suppressed due to the jet energy loss in heavy ion collisions [3] . Note that gluon-initiated jets are quenched more than quark-initiated jets therefore the quark jet fraction is increased.
We present the theoretical calculations of the nuclear modification factor R AA for jet cross sections as well as the ratio of the differential jet shapes in lead-lead versus proton-proton collisions at √ s NN = 2.76 TeV (FIG.2) . The left plot shows the results with different CNM effects implemented in the calculations, and we compare with the measurements from ALICE [21] , ATLAS [22] and CMS [23] . The theoretical uncertainty is estimated by varying the jet-medium coupling g. We see that the jet cross section is quite sensitive to the CNM effect. The right plot shows the jet shape calculation and studies its sensitivity to the CNM effect, the quark/gluon jet fraction and the jet-by-jet shape modification. The shaded boxes represent the scale uncertainty. We see that the non-trivial jet shape modification pattern observed at CMS [16] is due to both the increase of the quark jet fraction, which tends to make the jet shape narrower, as well as the broadening of the jet-by-jet shape, and it is insensitive to the CNM effect. We also examine the dependence of R AA on centrality, the jet rapidity and the jet radius [22, 24] and make predictions for the jet shape and cross section of inclusive and photon-tagged jets at the LHC Run 2 [3] .
Conclusions
The jet shape and cross section in proton and heavy ion collisions are calculated using the SCET extended with Glauber gluon interactions. The jet shape is resummed at NLL accuracy using renormalization-group techniques, and the baseline calculation is established. The medium modification to the jet shape is calculated using the medium-induced splitting functions. We find good agreement between our calculations. The physics understanding is that the non-trivial jet shape modification pattern is due to the combination of the cross section suppression and the jetby-jet broadening. The precise jet substructure studies in heavy ion collisions have been initiated and we are entering the golden age.
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